A detailed knowledge of LPS biosynthesis is of the utmost importance in understanding the function of the outer membrane of Gram-negative bacteria. The regulation of LPS biosynthesis affects many more compartments of the bacterial cell than the outer membrane and thus contributes to the understanding of the physiology of Gram-negative bacteria in general, on the basis of which only mechanisms of virulence and antibiotic resistance can be studied to find new targets for antibacterial treatment. The study of LPS biosynthesis is also an excellent example to demonstrate the limitations of 'genomics' and 'proteomics', since secondary gene products can be studied only by the combined tools of molecular genetics, enzymology and analytical structural biochemistry. Thus, the door to the field of 'glycomics' is opened.
INTRODUCTION
Lipopolysaccharide (LPS), also known as endotoxin, is well-known for its immunological, pharmacological and pathophysiological effects displayed in many different in vivo and in vitro systems. Therefore, the diverse effects of LPS on eukaryotic cells and whole organisms have been the subject of a large number of investigations and publications. On the other hand, LPS is of utmost importance for the survival of the Gram-negative bacterium itself, and we would like to concentrate on this point in this review. For a detailed presentation of almost every aspect of endotoxin and its biological activity the reader is referred to a book published recently. 1 In contrast to Gram-positive bacteria, which only possess a thickly layered surcoat of murein on top of their cytoplasmic membrane, Gram-negative micro-organisms comprise a second membrane, called outer membrane (OM). Thus, the cytoplasmic membrane becomes more efficiently protected from environmental influences and, furthermore, a new compartment is formed, filled with a network of murein and proteins, named the periplasmic space. The OM is of asymmetrical structure with an inner leaflet of phospholipids, an outer leaflet, consisting of LPS, and peripheral as well as integral membrane proteins. Most of the integral proteins are porins, acting as channels to allow the uptake of small hydrophilic compounds. 2 As a major constituent of the outmost membrane layer and covering approximately 75% of its surface, LPS is situated at the primary zone of contact between the bacterium and its environment and serves as a highly effective barrier to keep out hydrophobic substances such as detergents and antibiotics. This function of LPS is directly related to its chemical and biophysical properties and is reflected by the high degree of conservation of its structure. Whereas a phospholipid (PL) monolayer is fluid at normal growth temperature, an LPS monolayer is a highly ordered structure with very low fluidity. [3] [4] [5] Furthermore, it is assumed that LPS is involved in the proper folding of outer membrane proteins as shown for the porin PhoE in vitro. 6 For these reasons, LPS is essential for the survival of the bacteria and for a number of genes of LPS biosynthesis only conditionally lethal mutants could be isolated. However, there are two exceptions to this rule: (i) some bacteria are known to contain glycosphingolipids instead of LPS; [7] [8] [9] and (ii) a viable, LPS-deficient mutant of Neisseria meningitidis was described recently. 10 This mutant possesses an OM where the LPS is replaced by phospholipids; however, their composition is altered in comparison to the wild-type strain (van der Ley, personal communication).
STRUCTURAL CHARACTERISTICS OF LPS
LPS is a complex amphipathic molecule and shows a common architecture of three major domains, namely the hydrophobic anchor, the core oligosaccharide and the hydrophilic O-antigen. The lipid anchor, consisting of a disaccharide carrying negative charges and a variable number of fatty acid chains, is termed lipid A and represents the endotoxic principle of LPS. Although the lipid A moiety constitutes the most highly conserved structure of the molecule, a number of variations in its composition are known. 11, 12 The most common type of lipid A is represented by Escherichia coli where the hydrophilic backbone consists of a β-(1→6)-linked 2-amino-2-deoxyglucopyranose (GlcN) disaccharide, carrying two phosphate groups at positions 1 and 4′ and four residues of (R)-3-hydroxy-myristic acid in ester-or amide-linkage at positions 2, 2′, 3 and 3′ ( Fig. 1 ). Those at position 2′ and 3′ are further substituted by lauric and myristic acid, respectively, forming 3-acyloxyacyl structures. Thus, E. coli lipid A represents a hexa-acyl lipid A with an asymmetrical distribution of fatty acids and two negative charges. This type of lipid A is found in many enterobacterial and also nonenterobacterial genera such as Haemophilus or Neisseria. 12 In addition, structures have been described that comprise a disaccharide backbone of two 2,3-diamino-2,3-dideoxy-Dglucopyranose (DAG) residues as found in Bordetella pertussis, 13 Legionella pneumophila, 14 and Aquifex pyrophilus. 15 In Campylobacter jejuni for example, a hybrid disaccharide of one GlcN and one DAG residue was identified. 16 In such hybrid lipid A backbones the reducing sugar was so far always GlcN. 11 An exceptional backbone structure is present in Rhizobium leguminosarum, where one GlcN is linked to a 2-amino-2deoxy-gluconic acid residue as the reducing sugar moiety. 17 All lipid A disaccharides examined so far have in common that they are β-(1→6)-linked.
As described for E. coli lipid A, positions 1 and 4′ of the disaccharide are mostly substituted with phosphate groups, introducing two negative charges into the molecule. Negatively charged groups are thought to be important for strengthening the LPS monolayer by linking the molecules via ionic bridges with divalent cations (Mg 2+ , Ca 2+ ). 2 Both phosphate groups may be further substituted by, for example, phosphate, 2-aminoethanol (Etn), 2-aminoethanol phosphate (PEtn) or 4-amino-4-deoxy-D-arabinopyranose (D-Ara4N). 12 However, not all lipid A structures comprise the phosphates at positions 1 and 4′. The 4′ phosphate is missing in Porphyromonas fragilis and is replaced by α-Dgalacturonic acid in Rhizobium leguminosarum. 17, 18 It can even be replaced by neutral sugars like heptose or mannose. 19, 20 Thus, the negative charge at position 4′ seems to be dispensable for the proper function of LPS. On the other hand, a negative charge seems to be a necessity at the glycosidic position. When no phosphate group is present, as in Rhodospirillum fulvum, it is replaced by α-D-galacturonic acid, 19 whereas in Rhizobium leguminosarum the galacturonic acid residue representing the reducing sugar of the lipid A backbone, provides the negative charge by itself.
The disaccharide of the lipid A backbone carries 4-7 fatty acids which can be distributed either symmetrically or asymmetrically on both sugars. A detailed list of acylation patterns occurring in various bacteria is given by Zähringer et al. 12 Fatty acids with a hydroxyl group are obligatory constituents of LPS and so far no LPS has been identified lacking these. They always possess the (R)-configuration and mostly contain an even number of carbon atoms ranging between 10 (P. aeruginosa) and 28 (Rhizobium meliloti). 12 As a rule, the (R)-3-hydroxy fatty acids make up all the substituents directly bound to the lipid A backbone; exceptions are 3-oxo fatty acids that are found in amide-linkage in Rhodobacter and non-hydroxylated fatty acids that are found in ester-linkage in Chlamydiaceae. In many bacteria, the (R)-3-hydroxy fatty acids are further esterified with secondary fatty acids, which can be saturated, unsaturated, branched or carrying a 2-hydroxyl group. 12 The hydroxyl group at position 6′ of the lipid A is substituted with the first sugar residue of the adjacent core oligosaccharide, which can be further subdivided into an inner core region and an outer core region (Fig. 2) . The former is composed of at least one molecule of 3-deoxy-α-Dmanno-oct-2-ulopyranosonic acid (Kdo) and two or more residues of L-glycero-α-D-manno-heptopyranose (L,D- Hep; Fig. 2 ). In Acinetobacter haemolyticus, the Kdo residue can be replaced by the isosteric D-glycero-α-Dtalo-oct-2-ulopyranosonic acid (Ko; Fig. 3 ). 21 At position 4, the first Kdo (Kdo I) is substituted in most bacteria by a second Kdo residue (Kdo II) or by a phosphate group as shown for Vibrio cholerae, Bordetella pertussis and Haemophilus influenzae. 22 In Burkholderia cepacia, Kdo I is substituted by Ko, 23 a substitution that is also in accordance with the required negative charge in this position. Another interesting structure was detected in Acinetobacter baumannii, where a branched Kdo tetrasaccharide is present in which Kdo I is additionally substituted in position 5 by an α-Kdo-(2→5)-α-Kdo disaccharide. 24 LPS consisting of lipid A and Kdo with a negatively charged substituent is the smallest structure known to sustain growth and viability in Gram-negative micro-organisms. An LPS molecule containing two Kdo residues is termed Re-LPS (Fig. 2) , and represents the deep-rough phenotype known from mutants of Enterobacteriaceae, whereas a single Kdo substituted with a phosphate residue was determined in the lipid A of the deep-rough mutant I69 of H. influenzae. 25 In some species, a third Kdo residue is found attached in α-(2→4)-linkage to Kdo II in non-stoichiometric amounts, 22 whereas the genus Chlamydiaceae is characterized by the presence of a unique structure consisting of an α-Kdo-(2→8)-α-Kdo-(2→4)-α-Kdo-trisaccharide (Chlamydia trachomatis and Chlamydophila pneumoniae) or a branched α-Kdo-
as the only constituent of the core. 26 In Enterobacteriaceae and many other Gram-negative bacteria (Vibrio, Bordetella, Neisseria, Pseudomonas, Haemophilus) position 5 of Kdo I is substituted by L,D-Hep (Hep I); however, some micro-organisms like Chlamydiaceae, Legionella, Acinetobacter or Rhizobium are known to lack heptoses entirely in their LPS. 22 In most LPSs, the second heptose (Hep II) is linked to position 3 of Hep I. The third heptose (Hep III) is attached to Hep II by an α-(1→7)-linkage, while the outer core is linked to position 3 of Hep II. Phosphate substitution of the inner core region in general and of Hep I in particular is assumed to be important for the integrity and biogenesis of the outer membrane. 27 Interestingly, in Klebsiella pneumoniae, where no phosphorylation of the inner core region occurs, galacturonic acid residues are present to provide the negative charges.
In contrast to the inner core region, which shows a high degree of conservation among Gram-negative bacteria, the LPS biosynthesis: which steps do bacteria need to survive? 5 The common architecture of the lipid A and inner core region in Enterobacteriaceae is shown underlayed in grey. All compounds depicted in colour are present in every member of the family, indicating the high degree of conservation of this structure (phosphate residues connected with dashed lines are not part of the common architecture). Re, Rd 2 and Rd 1 refer to the LPS phenotype of the respective rough mutant as described for S. enterica. FA, fatty acid; P, phosphate. Legionella) and Glc (Acinetobacter, Moraxella) have also been found as substituents. 22 outer core region, consisting mostly of hexoses, is much more variable. Five different core-types (R1 through R4 and K-12) are known in E. coli, and two core-types have been described for S. enterica. 22 In many bacteria, an O-antigen is attached to the outer core region. Its presence leads to a smooth colony appearance (S-form) in contrast to the rough morphology displayed by colonies of O-antigen-lacking bacteria (R-form). The O-antigen consists of repeating units of mono-or oligosaccharides and is highly variable in structure. Each repeating unit can be made up of 1-8 monosaccharides differing in structure and linkage. Furthermore, substitutions like acetylation, phosphorylation or the addition of amino acids increase the variability of the single elements, leading to a large number of possible O-antigen structures. 28 However, homopolymers also occur as O-antigens, reaching the considerable length of up to 75 monosaccharides (L. pneumophila). 14 The O-antigen is generally not necessary for the survival of the micro-organism, as there are a large number of mutants known that express only R-type LPS due to defects in LPS biosynthesis genes. Furthermore, wild-type bacteria like Neisseria, Bordetella, Haemophilus and Chlamydia only posses R-type LPS, lacking the O-antigen completely even without a genetic defect. 29, 30 As predominant surface structures, O-antigens are highly immunogenic and O-specific antibodies are versatile tools for serotyping, used in clinical diagnosis, epidemiology and taxonomy.
There is some confusion about the use of the terms 'rough' and 'smooth' which we would like to clarify. Rough mutants are strains that lack the O-antigen due to a genetic defect, whereas a rough LPS indicates the absence of an O-antigen independent of whether this is due to a genetic defect or not.
GENETIC ORGANIZATION OF LPS BIOSYNTHESIS
Due to an increasing number of genome sequencing projects, more and more information on gene loci encoding proteins involved in LPS biosynthesis from different species becomes available. Here, we concentrate on data known from E. coli K-12 or Salmonella enterica. 31, 32 The separation of the LPS molecule into the lipid A, core and O-antigen regions is also reflected in their biosynthesis and genetic organization. The majority of genes involved in O-antigen synthesis is located in a dedicated cluster (formerly called rfb, now designated wba through wbd and wby), 33 where specific sugar nucleotide synthetases and glycosyl transferases are encoded. Some more generally required precursors are provided by housekeeping genes, mapping outside of the O-antigen synthesis cluster. Other enzymes, specific for distinctive synthesis pathways (Wzy-dependent or ABC-transporter-dependent) like the O-unit polymerase (Wzy), the O-chain length determinant (Wzz), the O-unit translocator (Wzx) or the ABC transporter (Wzm, Wzt) are also encoded outside this cluster. 34 All genes necessary for the biosynthesis of the inner and the outer core region are combined in one locus termed waa (formerly rfa; Fig. 4 ). 35 Reflecting the different chemical structures of the distinct core types of E. coli and S. enterica, the arrangement of the specific genes varies slightly within the locus. However, genes encoding enzymes involved in the synthesis of the highly conserved inner core region, like the Kdo transferase and the heptosyltransferases, are localized in conserved positions. 31, 36 Three of the genes important for the early steps of lipid A biosynthesis, lpxA, lpxB and lpxD, are clustered around minute 4 of the chromosome of E. coli in close proximity to genes involved in fatty acid and DNA synthesis. The lpxC gene is found at minute 2 at the end of a cluster of murein synthesis and cell division genes, whereas the genes for the incorporation of the acyloxyacyl moieties are found in scattered locations. 37 The kinase incorporating the 4′ phosphate to generate lipid A precursor Ia is located in the region of minute 21 as part of an operon with the msbA gene. MsbA is an essential integral membrane protein, belonging to the ABC transporter family, and is presumably associated with the export of LPS. 38, 39 In contrast, in non-enteric bacteria, like Neisseria, the genes involved in the synthesis of lipid A and the saccharide moiety are dispersed around the genome or present in three small operons. 40 
SINGLE STEPS OF LPS BIOSYNTHESIS
In recent years, a vast knowledge has been accumulated on the pathway of lipid A biosynthesis and the first glycosylation steps of the inner core region in E. coli (Fig. 5 ). 41, 42 From the addition of the first fatty acid to UDP-GlcNAc up to the bisphosphorylated, tetra-acylated disaccharide that serves as an acceptor for the sugars of the inner core 6 Gronow, Brade region, six enzymatic reactions are necessary ( Fig. 6 ). The first step is the transfer of (R)-3-hydroxymyristic acid attached to an acyl-carrier-protein (ACP) to the central metabolic intermediate UDP-GlcNAc by LpxA, the cytosolic UDP-N-acetylglucosamine acyltransferase. 43 This enzyme has been crystallized and shows a homotrimeric structure with a new kind of protein fold, a left handed helix of short parallel β-sheets. 44 Interestingly, this first reaction step is reversible and the equilibrium of this reaction is rather unfavourable for the synthesis of the resulting UDP-monoacyl-N-acetylglucosamine. 45 The enzyme has been shown to be absolutely specific not only for the 3-hydroxyl group but also for the chain length of the 3-hydroxy fatty acid . Whereas in Pseudomonas aeruginosa, an (R)-3-hydroxydecanoic acid residue is incorporated, 46 in E. coli (R)-3-hydroxytetradecanoic acid is found in this position. Replacement experiments, exchanging LpxA Ec by LpxA Pa in E. coli led to an acylation pattern characteristic for P. aeruginosa. 47 Furthermore, the exchange of a single amino acid in the LpxA protein could be shown to shift its specificity from a 10 carbon-to a 14 carbon-containing (R)-3-hydroxy fatty acid. 48 Another interesting candidate for investigations would be the chlamydial LpxA enzyme which should differ considerably from any other LpxA due to the fact that Chlamydiae carry non-hydroxylated fatty acids at positions 3 and 3′. 49 LpxA is an essential enzyme for most bacteria and only temperature-sensitive mutants could be isolated from E. coli. 50 These mutants show defects in the LPS synthesis and a reduced content of LPS even at permissive temperatures, accompanied by increased susceptibility to hydrophobic antibiotics. 50, 51 Surprisingly, in N. meningitidis it was possible to construct a viable knock-out mutant of lpxA that completely lacks LPS. 10 This mutant shows in electron micrographs the typical structure of two doublelayered membranes divided by the periplasm but lacks the common compounds of LPS like 3-hydroxy fatty acids or Kdo and has no endotoxic potential. 10 The second enzyme involved in lipid A biosynthesis is UDP-monoacyl-N-acetylglucosamine deacetylase, termed LpxC, which cleaves off the acetyl group from the nitrogen at position 2 of the glucosamine. This reaction represents the first committed step of the pathway since the hydrolysis of the amide linkage is considered to be an irreversible reaction. The enzyme has been purified from E. coli, 52 P. aeruginosa, 53 and Aquifex aeolicus, a member of the thermophilic bacteria, 54 but so far no crystal structure is available. In contrast to LpxA, it does not show any sensitivity towards the chain length of the acyl chain already present in the UDP-monoacyl-N-acetylglucosamine. LpxC was characterized as a zinc metalloenzyme which needs the heavy metal atom for catalytic activity; 53, 55 however, no known Zn 2+ binding motifs could be identified in the LpxC sequence to assign it to any class of Zn 2+ -containing deacetylases. 55 The enzyme has been a target for the design of novel antibiotics with significant antibacterial activity in E. coli. 56 Recently, even better inhibitors, termed 'deacetylins', were synthesized that are also active against LpxC from P. aeruginosa and A. aeolicus. 54 The next step of lipid A biosynthesis is the addition of a second fatty acid in amide linkage to the now available position 2 of UDP-monoacyl-glucosamine by the enzyme UDP-3-O-monoacyl-N-acyltransferase, LpxD. 57 Both genes, lpxA and lpxD, show significant sequence homology, indicating their similar function. 58 Concomitantly, LpxD was demonstrated to be absolutely specific for 3hydroxy fatty acids activated by ACP; however, the chain length of the fatty acid was less important for LpxD than for LpxA. In E. coli, where an (R)-3-hydroxymyristoyl moiety is incorporated by LpxD, also (R)-3-hydroxypalmitoyl ACP was used as a substrate, albeit much more slowly, as shown in vitro. 57 UDP-2,3-diacylglucosamine is the precursor of the non-reducing sugar of the lipid A backbone. Cleavage of the pyrophosphate bond leads to the formation of 2,3diacylglucosamine-1-phosphate (also called lipid X) and UMP. The gene encoding the enzyme catalyzing this reaction has recently been identified and termed lpxH. 59 2,3-Diacylglucosamine-1-phosphate is the precursor of the reducing sugar of the lipid A and serves as an acceptor for the UDP-2,3-diacylglucosamine that is attached to position 6 of the former. This condensation reaction, resulting in the formation of a tetra-acylated, β-1′-6 linked glucosamine-1-phosphate disaccharide, is performed by the disaccharide synthase, termed LpxB. 60, 61 The disaccharide synthase is active as a dimer and can be isolated from the cytosolic cell fraction. 61 Interestingly, up to this step of lipid A biosynthesis all enzymes involved are soluble enzymes that do not need the presence of detergents for their catalytic activity. In contrast, most enzymes of the glycerophospholipid biosynthesis pathway were identified as integral membrane proteins. 62 The first membrane-associated enzyme of the biosynthesis pathway of LPS is the 4′-kinase, encoded by the lpxK gene. The reaction catalyzed by this kinase converts the monophosphorylated, tetra-acylated disaccharide to the disaccharide bisphosphate, 63 termed lipid A precursor Ia. 64 This important intermediate of LPS biosynthesis was later also isolated by others who named it lipid IV A ; 65 the chemically synthesized precursor Ia of E. coli is called compound 406 ( Fig. 6 ). 66 The 4′-kinase has been cloned and overexpressed; its deduced amino acid sequence shows no obvious homology to other kinases and displays two potential membrane spanning domains. 67 For catalytic activity of the enzyme, Mg 2+ ions and detergents are required. This kinase is a versatile tool for the introduction LPS biosynthesis: which steps do bacteria need to survive? 9 of a radioactive label into lipid A, facilitating the study of later steps of LPS biosynthesis as well as investigations of the interaction of LPS and endotoxin-binding proteins. An interesting situation occurs in Rhizobium leguminosarum where the 4′ phosphate of the lipid A is replaced by a galacturonic acid residue. 17 It was shown that the biosynthetic pathway for lipid A in this micro-organism is comparable to that in E. coli and that a 4′-kinase is present as well. 68 However, a specific 4′ phosphatase was discovered that selectively cleaves off the 4′ phosphate, presumably a prerequisite for the addition of the galacturonic acid residue in that position. The 4′ phosphatase is only active after the addition of Kdo, indicating that the 4′ phosphate is necessary for the incorporation of Kdo. 69 In most bacteria investigated so far, the transfer of Kdo to precursor Ia is the next step; however, in P. aeruginosa, the lipid A precursor is completely acylated before the transfer of Kdo. 70 The synthesis of Kdo is well established including the characterization of the reactions catalyzed by the three enzymes involved ( Figs 5 and 7) . The gene encoding the first enzyme, D-ribulose-5-phosphate isomerase, converting D-ribulose-5-phosphate to D-arabinose-5-phosphate, has not been identified so far and the enzyme has not been purified due to its intrinsic instability. 71 The second enzyme is Kdo-8-phosphate synthase, KdsA, which has been cloned, sequenced, purified and crystallized. [72] [73] [74] [75] [76] KdsA catalyzes the condensation of Darabinose-5-phosphate with phosphoenolpyruvate to generate Kdo-8-phosphate. Analyses of two different crystal forms revealed a tetrameric organization of the enzyme, although gel filtration chromatography studies suggested a trimer as the active form. 77 As to the mechanism of KdsA, it is still unclear whether the condensation involves a linear or a circular intermediate. 76 The last step of Kdo synthesis is the removal of the phosphate group by a specific phosphatase, namely Kdo-8-phosphate phosphatase. The gene encoding this enzyme is still unknown; however, the enzyme was purified to homogeneity and its biochemical properties are well characterized. 78 To incorporate Kdo into LPS it has to be activated to the nucleotide sugar CMP-Kdo. This reaction is catalyzed by CMP-Kdo synthetase, KdsB. [79] [80] [81] CMP-Kdo is highly unstable due to its β-anomeric configuration. 82, 83 Kdo is a typical compound of Gram-negative bacteria, but it has also been detected in most higher plants and some green algae. 84 However, it is not present in yeast or animals. Recent data show that homologues of KdsA and KdsB could be cloned from Pisum sativum (Acc. No. Y14272) and Zea mays, 85 respectively, and both are able to complement a corresponding mutation in S. enterica sv. Typhimurium in vivo (Brabetz personal communication). 85 It will be interesting to determine if the complete pathway for Kdo synthesis and incorporation is conserved in bacteria and plants. The fact that Kdo is not present in animals but is essential for Gram-negative bacteria has supported the idea to selectively inhibit its synthesis. A number of inhibitors have been designed for different enzyme reactions, 71 some showing bacteriostatic activity. 86, 87 However, no major breakthrough in the synthesis of effective antibiotics could be achieved.
The enzyme catalyzing the incorporation of Kdo into LPS is another essential enzyme, a Kdo transferase termed WaaA (formerly KdtA or GseA [in Chlamydia]). WaaA has been identified in a large number of organisms and has been cloned and characterized from E. coli, 88, 89 Chlamydia trachomatis, 90 Chlamydophila psittaci, 91 Chlamydophila pneumoniae, 92 Acinetobacter spp., 93 B. pertussis, 94 L. pneumophila, 95 H. influenzae, 96, 97 and Klebsiella pneumoniae. 98 The enzyme is bifunctional in those cases where the LPS contains an α-(2→4)-linked Kdo disaccharide, catalyzing the transfer of both Kdo residues to precursor Ia (Fig. 8 ). However, in Chlamydia, where the family-specific LPS epitope consists of a Kdo trisaccharide comprising an unusual α-(2→8)-linkage between the second and third Kdo residue, 26 the Kdo transferase displays at least trifunctional activity. 90, 92 The presence of WaaA from Chlamydophila psittaci, where the LPS contains up to four Kdo residues, 99 is sufficient for the expression of the complete structure in E. coli. 91 Furthermore, chlamydial Kdo transferase genes can replace waaA of E. coli and lead to the expression of the genus-specific LPS epitope. 100 As mentioned above, species like H. influenzae, V. cholerae or B. pertussis contain only one Kdo residue in their inner core region which is phosphorylated at position 4. The Kdo transferase found in these bacteria displays a monofunctional activity in vitro; 94, 96, 101 however, complementation studies in E. coli strains lacking a functional waaA were not convincing. 94, 102 So far, no structural evidence could be presented that one Kdo residue alone is sufficient to allow complementation to a complete LPS structure; however, it was demonstrated that the monofunctional WaaA from H. influenzae is not able to replace the bifunctional WaaA in an E. coli Re mutant. 97 The smallest structure known to support survival is a lipid A substituted with Kdo-phosphate as found in the H. influenzae mutant I69. 25 The Kdo kinase necessary for the generation of this structure was identified in H. influenzae and was cloned recently. 96, 101 Exchange of the waaA gene in an Re mutant E. coli strain by the genes for the Kdo transferase together with the Kdo kinase of H. influenzae led to the expression of an LPS containing selectively Kdo-4-phosphate in its LPS. 97 All known Kdo transferases show a significant homology so that it is unlikely that more than one active site is present in the enzyme. Whether the multifunctional activity of some of the enzymes is achieved by the formation of multimers or by some kind of relaxed fit towards the acceptor substrate remains to be elucidated.
The waaA gene is located downstream of the waa operon ( Fig. 4) , encoding most enzymes involved in the synthesis of the core region, forming a separate operon with another essential gene, designated kdtB. 88 It was assumed for a long time that the gene product of kdtB was also involved in LPS biosynthesis; however, it was discovered recently that this protein is necessary for the synthesis of coenzyme A and the gene was renamed coaD. 103 In E. coli, the acylation of lipid A is completed by addition of two fatty acids after the incorporation of the Kdo moiety. The so-called late acyltransferases, LpxL (formerly HtrB or WaaM) and LpxM (MsbB or WaaN), transfer laurate and myristate, respectively, to the distal unit of lipid A, generating the acyloxyacyl substituents ( Fig. 8) . Both proteins show a significant homology of their amino acid sequence and are very basic. 104 Although it was demonstrated that LpxL and LpxM also use ACP-activated fatty acids as substrates, no homology to the early acyltransferases LpxA and LpxD exists. 105 In vitro analyses carried out with purified LpxL and LpxM confirmed that the late acyltransferases are strictly depending on the presence of Kdo in their acceptor substrate, precursor Ia cannot serve as a substrate for either of them. 106, 107 This explains the fact that lipid A precursors accumulate in mutants defective in Kdo synthesis or Kdo transfer instead of completely acylated lipid A. 65, 108, 109 However, although the preferred substrates for LpxL and LpxM are lauroyl-ACP and myristoyl-ACP, respectively, when tested in vitro both enzymes show a less stringent selectivity for their acyl-ACP substrates than in living cells. 107 LpxL is essential for bacteria to grow on rich media above 33°C; 110 the reasons for this finding are still unclear. E. coli mutants lacking a functional LpxL contain very little laurate in their lipid A, 111 for an S. enterica sv. Typhimurium mutant, structural data were obtained that showed the complete absence of laurate at position 2′. 112 Interestingly, this mutant quantitatively contains an additional palmitic acid moiety at position 2 which is usually only present in a minor hepta-acyl lipid A fraction in the wildtype strain. Furthermore, a hepta-acyl lipid A species was identified in the mutant in which the lauroyl residue was replaced by a palmitoleoyl residue, 112 typical only for wild-type strains grown at 12°C. 113 The same result was obtained for an E. coli lpxL null mutant that showed a large fraction of hexa-acylated lipid A with palmitoleic acid included at position 2′ (Brabetz, personal communication). 39 The incorporation of palmitoleic acid as a cold shock response of E. coli could be assigned to an acyltransferase encoded by the lpxP gene, which is induced at a growth temperature of 12°C. 114, 115 The deduced amino acid sequence of LpxP shows significant homology to LpxL (54% identity, 73% similarity), whereas LpxL and LpxM show only 29% identity and 46% similarity. The enzyme is highly selective for palmitoleoyl-ACP and the presence of the Kdo disaccharide in the lipid A substrate is necessary for its activity. 115 It could also be demonstrated that tetra-acylated lipid A species containing a substantial core oligosaccharide accumulate in the inner membrane of lpxL mutants. 39 This indicates that a defect in the lauroyltransferase also inhibits the transport of lipid A to the outer membrane. 39 In H. influenzae, where lpxL and lpxM both encode myristoyltransferases, the inactivation of lpxL leads to the formation of a large fraction of tetra-acylated lipid A (i.e. precursor Ia) and a smaller fraction of penta-acylated lipid A carrying one myristic acid residue. Whether this residue is located at position 2′ or 3′ of the lipid A remains to be determined. 116 Palmitoleoyl residues could not be detected in the lipid A of lpxL-defective H. influenzae mutants and no homologue of lpxP is present in the genome. 117 One explanation for these findings could be that H. influenzae is transmitted directly from one host to the other with no need to survive in a colder environment.
Inactivation of lpxM in E. coli results in the synthesis of penta-acylated lipid A which lacks the myristic acid residue, 118 but unlike null mutations in lpxL these mutations are not conditionally lethal. Furthermore, overexpression of LpxM can restore the viability of LpxL-defective mutants at elevated temperature. 104 It has been suggested that at least one acyloxyacyl substituent must be present to support rapid growth and that the overproduction of LpxM results in the synthesis of considerable amounts of pentaacyl lipid A. 42, 107 However, it could be possible that the incorporation of unsaturated palmitoleic acid in LpxL-null mutants is detrimental to growth at higher temperatures due to its effect on the fluidity of the membrane. An overexpression of LpxM could lead to the displacement of palmitoleic acid by myristoyl residues, thus maintaining the necessary rigidity of the membrane.
After acylation of the lipid A moiety is completed, heptose residues are attached to the inner Kdo ( Figs 5 and 8) . In contrast to the knowledge available on Kdo synthesis, the biosynthetic pathway leading to L,D-Hep still remains to be established. 36 Early work by Eidels and Osborn led to the proposal that it takes four steps to convert the common metabolite sedoheptulose-7-phosphate to activated ADPheptose, 119 the sugar nucleotide used by heptosyltransferases ( Fig. 9 ). Structural analyses of a variety of different core regions revealed that heptoses present in the inner core region are always L-glycero-D-manno-or D-glycero-D-manno-heptoses and the activated sugar nucleotide was identified as ADP-L,D-Hep. 22, 120 The first step of heptose synthesis is the conversion of sedoheptulose-7-phosphate to D-glycero-D-manno-heptose-7-phosphate by an isomerase. The reaction product was characterized biochemically and the gene encoding the necessary enzyme, gmhA, was cloned. 119, 121 In accordance with the structural conservation of the heptose region, the gmhA gene is widely conserved in many enteric and non-enteric bacteria. 36 In a following step, the activity of a mutase is proposed that catalyzes the conversion of D-glycero-D-manno-heptose-7-phosphate to D-glycero-D-manno-heptose-1-phosphate to prepare the substrate for the activation at position 1 by condensation with ATP, performed by a synthase. None of the two predicted enzymes has been identified to date; one likely candidate is a bifunctional protein investigated by Valvano et al. 122 The protein is encoded by the rfaE locus in E. coli (no new name has been assigned so far; however, gmhBC has been proposed) 36 and clearly contains two independent domains that can be expressed separately. The C-terminal domain II shows strong similarities to the cytidylyl-transferase superfamily and can complement a defect in a homologous gene in the phototrophic bacterium Ralstonia eutrophus. The results obtained indicate that domain II might indeed encode the ADP-synthase involved in heptose synthesis. 122 Domain I displays homology to members of the ribokinase family, especially residues connected to the active site of these enzymes are strongly conserved. This activity does not match the proposed mutase activity, necessary to shift the phosphate group from position 7 to position 1. For this reason, Heinrichs et al. suggested an alternative pathway, 36 including a phosphorylation step to yield D-glycero-D-mannoheptose-1,7-bisphosphate -carried out by domain I -and a dephosphorylation reaction, carried out by a so far unknown sugar phosphate phosphatase. This putative phosphatase would have to remove the phosphate from position 7 either from D-glycero-D-manno-heptose-1,7bisphosphate or from ADP D-glycero-D-manno-heptose-7phosphate, since the last step of the pathway is catalyzed by the epimerase GmhD, converting ADP D-glycero-Dmanno-heptose (ADP-D,D-Hep) to ADP-L,D-Hep. 123 Two independent investigations showed that ADP-D,D-Hep accumulates in mutants with a defective epimerase and both were unable to detect a phosphorylated species of this sugar nucleotide. 123, 124 ADP-L,D-Hep is transferred to the completely acylated Re-LPS by the first heptosyltransferase, designated WaaC. In vivo complementation studies with cloned waaC expressed in S. enterica or E. coli mutants confirmed the assumed activity. [125] [126] [127] WaaC proteins from both species show a high degree of homology and are functionally exchangeable. Detailed functional characterization of the enzymatic activity has been hampered by the lack of pure ADP-L,D-Hep. So far, either ill-defined preparations from cells or ADP-mannose have been used as an alternative substrate. 120, [123] [124] [125] 128 Only recently was it possible to synthesize ADP L-glycero-α-D-manno-heptose and ADP Lglycero-β-D-manno-heptose as well as both anomers of ADP-D,D-Hep. 129 In this study, we could demonstrate that both α-anomers are inactive and although ADP D-glyceroβ-D-manno-heptose can serve as a substrate, it shows only about one-tenth of the activity of ADP L-glycero-β-Dmanno-heptose. Furthermore, we isolated ADP-Hep from LPS biosynthesis: which steps do bacteria need to survive? 13 a waaC-defective E. coli mutant and determined its structure by NMR analysis. 130 The result showed that ADP Lglycero-β-D-manno-heptose is the physiological sugar donor for the heptosyltransferase. Interestingly, ADP α-Dmannose is a substrate for heptosyltransferase I from E. coli whereas the α-anomer of the physiological donor substrate, ADP L-glycero-β-D-manno-heptose is not used at all. 128 At present, we have no explanation for this activity.
The enzyme catalyzing the transfer of the second heptose is encoded by the waaF gene, located directly upstream of waaC. 32 The deduced WaaF protein shows significant homology to the deduced WaaC protein, indicating a similar function of both enzymes. 131 So far, all waaF genes cloned from various bacteria have been characterized by their ability to complement waaFdefective S. enterica strains as shown in silver-stained SDS-polyacrylamide gels. [132] [133] [134] [135] [136] [137] WaaF-defective mutants were constructed and their Rd 2 -chemotype was confirmed either in SDS-gels, 133, 135 in immunoblots with monoclonal antibodies against LPS or determined by mass spectrometry. 132, 134, 137 All mutants showed a fast migrating LPS in SDS-PAGE and an impaired virulence when tested in vivo. 132, 133, 138 In P. aeruginosa it was not possible to generate waaC or waaF null mutants, indicating that P. aeruginosa is not viable with a deep-rough LPS. 136 The reason for this is unclear, but since it is known that the core region of P. aeruginosa is phosphorylated to an unusual extent, the lack of these negatively charged groups in deep-rough LPS could be responsible for this observation. Now we provided the first in vitro data for WaaF from E. coli and K. pneumoniae confirming its activity as the second heptosyltransferase. 98, 139 Isolated LPS of the Rd 2chemotype was converted to Rd 1 -type LPS when WaaF and ADP L-glycero-β-D-manno-heptose were present and could be detected with monoclonal antibodies. As in in vivo complementation studies, 126 WaaC could not replace WaaF in vitro and vice versa, indicating the high specificity of both enzymes for their lipid acceptor substrates. Therefore, unlike Kdo transferases, both heptosyltransferases are strictly monofunctional enzymes.
The activity of the third heptosyltransferase involved in inner core region biosynthesis has been assigned to the gene waaQ. 140 This gene shows highest homologies to waaC and waaF genes and is also highly conserved among various S. enterica and E. coli strains. 31 Inactivation of waaQ in E. coli resulted in the expression of LPS totally lacking the branch heptose (Hep III) as verified by methylation analysis and NMR spectroscopy. 27 Another study described similar findings in waaQ mutants of Haemophilus ducreyi. 141 The WaaQ protein has not yet been investigated in vitro and it remains to be established whether ADP L-glycero-β-D-manno-heptose is the sugar donor for this transferase and what structure serves as the lipid acceptor.
Phosphorylation of the inner core region is very important for the permeability barrier function of the outer membrane. 2 In addition to the negative charges provided by the Kdo residues, phosphate groups attached to the heptose region help to crosslink neighbouring LPS molecules via divalent cations. Indeed, the lack of phosphorylation of the inner core seems to be directly linked to antibiotic susceptibility, decrease and increase in the content of OM proteins and PL, respectively, all connected with a deep rough phenotype. 140, 142 In this regard, it is not surprising that an Re mutant is more susceptible to hydrophobic antibiotics than the lpxLM double null mutant with an incompletely acylated lipid A but an intact inner core region. 143 From these data, it is obvious that the presence of the heptose residues and their phosphorylation is more important for the viability of E. coli than the complete acylation.
For many years, the kinases responsible for the phosphorylation of the heptoses could not be assigned to specific genes and the sequence of events taking place after the transfer of the second heptose remained unclear. However, recently Yethon et al. 27 constructed mutants defective in waaY, waaQ or waaP in E. coli. Structural analyses of the LPS isolated from these mutants revealed that WaaP is a kinase attaching phosphate or pyrophosphorylethanolamine to position 4 of Hep I. This reaction is a prerequisite for the activity of WaaQ, transferring the third heptose to position 7 of Hep II. The last step is the addition of a phosphate to position 4 of Hep II, catalyzed by the kinase WaaY. When WaaP is lacking, neither Hep III is added nor the phosphorylation of Hep II occurs. Although the outer core region is complete in waaP mutants they show physiologically a deep rough phenotype. 142 This leads to the question at which point is the first hexose of the outer core attached to the growing sugar chain. Presumably, this glucose is transferred by WaaG after the transfer of the second heptose is catalyzed, since the activity of the glucosyltransferase is not depending on WaaP. 142 Furthermore, Mühlradt could show in in vitro experiments that the phosphorylation of Hep I was more efficient when a glucose residue was present. 144
REGULATION OF LPS BIOSYNTHESIS
Although it is common knowledge that LPS plays a vital role for Gram-negative bacteria, its exact function in the outer membrane is still not completely understood. Bacterial strains carrying conditionally lethal mutations in genes involved in LPS biosynthesis proved helpful to achieve information about the regulation of this pathway. The regulation of LPS biosynthesis is generally centred on two points: (i) the balance of phospholipid and LPS synthesis; and (ii) the modifications of the structure of LPS as a response to environmental changes.
To act as an effective permeability barrier against external agents, the asymmetry of the OM has to be maintained. Thus, a balanced synthesis of PL and LPS is fundamental for the cell. Susceptibility to hydrophobic antibiotics is closely related to a defective barrier function of the outer membrane of Gram-negative bacteria. E. coli strain SM101, a mutant defective in LpxA, the first enzyme of lipid A biosynthesis, is one of the most susceptible strains known. 51 It still produces only 30% less LPS than the parent strain at permissive temperatures, indicating that LPS biosynthesis is not completely stopped in vivo although the enzyme shows no activity in vitro. 50 It is assumed that glycerophospholipids instead of LPS are incorporated into the outer leaflet of the outer membrane, leading to the formation of PL bilayer patches which are known to act as channels for the diffusion of hydrophobic compounds. 51 Furthermore, strain SM101 leaks periplasmic macromolecules, possibly through transient ruptures of the OM. 145 Since no lipid A precursors that would be detrimental to the survival of the cell can accumulate in such a mutant, the LPS itself must be essential to sustain growth and replication. The study of suppressor mutations for the lpxA defect led to the discovery of a fabZ mutant, displaying a significantly decreased activity of the encoded enzyme ( Fig. 10) . 146 FabZ is an (R)-3-hydroxymyristoyl-ACP dehydrase, involved in the elongation of fatty acids for PL synthesis and competing with LpxA for the substrate (R)-3-hydroxymyristoyl-ACP. The decreased activity of FabZ is thought to lead to an increased pool of (R)-3hydroxymyristoyl-ACP, supporting lipid A synthesis with a defective LpxA by mass action. 146 In lpxA mutants, most of the (R)-3-hydroxymyristoyl-ACP is used for PL synthesis, leading to a high ratio of PL to LPS, whereas in lpxA fabZ double mutants the ratio of LPS to PL appears to be balanced, supporting survival at elevated temperatures.
The phenotype of bacteria defective in LpxD, the second acyltransferase, resembles that of lpxA mutants; 145 however, in E. coli this mutation leads to a significant proportion of hepta-acyl lipid A, comprising a palmitoyl substitution of the amide-linked fatty acid at the reducing glucosamine. 147 So far, no gene could be assigned to this palmitoyltransferase activity; however, using cellfree extracts the transfer of the palmitoyl moiety from glycerophospholipids to several precursors of lipid A was demonstrated. 148 Whether there is a direct link between the activity of LpxD and the palmitoyltransferase in terms of regulation or whether the addition of the palmitoyl residue is activated under certain stress conditions, remains to be investigated.
Enzymes catalyzing committed reactions of biosynthetic pathways are often subject to regulation. Therefore, it is not surprising that LpxC is subject to an intricate system of regulation. The first indication was an elevated activity of LpxC in strains defective in either lpxA or lpxD, 45, 58 which was based on an increased amount of deacetylase. 149 In another study investigating assembly defects of a mutant outer membrane protein, OmpF315, Kloser et al. identified a mutation in lpxC as a suppressor. 150 The mutation lowered the enzyme activity of LpxC, thus leading to a reduced level of LPS and an assembly promoting environment of a high PL to LPS ratio for OmpF315. A second mutation, reversing the suppression, was mapped to the fabZ gene. Obviously, a defect in FabZ resulted in a decreased PL synthesis, restoring the balance of PL to LPS back to an environment not promoting the correct assembly of OmpF315. 150 In parallel, the antibiotic susceptibility of the lpxC fabZ double mutant is much lower than that of an lpxC mutant and resembles the phenotype of the wildtype, confirming that a balanced PL to LPS ratio plays an essential role for the barrier function. 150 Finally, Ogura et al. identified FtsH as an important regulator of LPS and PL synthesis ( Fig. 10) . 151 FtsH is a membrane-bound metalloprotease and belongs to the AAA family of ATPases (ATPases associated with diverse cellular activities), involved in a variety of cellular processes. [152] [153] [154] Mutations of ftsH are lethal due to a massive increase of LPS levels, which is accompanied by a high amount of LpxC protein. 151 A suppressor mutation for the ftsH defect was again mapped to the fabZ gene, this mutation increasing the activity of the (R)-3-hydroxymyristoyl-ACP dehydrase. Taking the results together, FtsH is a protease cleaving LpxC and keeping its concentration at a low level. High levels of FabZ suppress the activity of FtsH, as well as low levels of LpxA or LpxD, and the LPS biosynthesis: which steps do bacteria need to survive? 15 product of the FabZ reaction, 2-(E)-tetradecenoyl-ACP, that presumably inhibits the activity of FtsH (Fig. 10 ). 151 Thus, the biosynthetic pathways for PL and LPS are connected by the activity of FtsH and regulated in such a way that a beneficial ratio of both is maintained. Interestingly, the ftsH gene is not essential in Bacillus subtilis, most likely because this bacterium produces no LPS. 155 It still remains an open question why the overproduction of LPS has a toxic effect on Gram-negative bacteria. One likely explanation is that the assembly of membrane proteins is disturbed. In addition, the formation of abnormally layered membrane structures in the periplasm could be problematic for the cells. 151 Another point of regulation is connected with the synthesis of acyloxyacyl substituents and the export of LPS. The extent of acylation is important for the transport of complete molecules to the OM. Therefore, it is not surprising that defects in acylation can be suppressed by increased activity of the transport system. As mentioned earlier, an unsaturated fatty acid is incorporated by LpxP when cells are grown at low temperatures to maintain the fluidity of the membrane. 113, 115, 156 LpxP replaces LpxL under these circumstances, but nothing is known about the regulatory element that has to be involved in this process. Temperature-sensitive mutants of lpxL show an abnormal high ratio of PL to protein when grown in rich media at high temperatures. Mutations in the accBC operon can suppress this effect by decreasing the rate of PL biosynthesis, since this operon encodes proteins necessary for the first step in fatty acid biosynthesis. 111 Restoring the balance of PL synthesis and LPS synthesis leads to a normal protein content in the membrane and allows growth at elevated temperatures. The mechanisms by which components of the outer membrane reach their destination and how the OM asymmetry is achieved are still unknown. An overexpression of MsbA, an ATP-dependent transporter, was also reported to suppress a null mutation in the lpxL gene, leading to the idea that MsbA could be involved in the transport process of LPS. 106, 157, 158 One hypothesis suggests that the LPS is transported by MsbA across the cytoplasmic membrane and reaches its final destination by the action of an unidentified periplasmic translocase or through the so-called Bayer's bridges, which are small zones of monolayer adhesion between the inner and the outer membrane. 38 It was demonstrated that the transport of LPS to the outer membrane could be greatly enhanced by overexpression of MsbA in lpxL mutants. 38 Obviously, the incomplete LPS molecule resulting from the lack of lauroyltransferase is not a good substrate for the transporter; however, the overexpression of MsbA results in a transport rate sufficient to overcome the lethal mutation at non-permissive temperatures. If MsbA is inactivated, completely acylated lipid A accumulates in the inner membrane, confirming the transport function of MsbA. 39 Bacteria live in environments that are subject to rapid and substantial changes. In order to accommodate for differing conditions they must possess means to vary the interactions of their outer surface with the surroundings as, for example, antibiotics. Polymyxins are cationic lipopeptide antibiotics that primarily affect Gram-negative bacteria by interacting with the OM. [159] [160] [161] The mechanism of polymyxin resistance could be connected to changes in the structure of LPS, reducing the negative charges of the lipid A moiety and the inner core region to prevent electrostatic interactions with the cationic polymyxins. 145, 162, 163 In polymyxin resistant (pm r ) mutants of S. enterica, the 4′ phosphate is substituted predominantly with 4-amino-4deoxy-L-arabinose (L-Ara4N) which is also present in pm r E. coli mutants; 164 however, at the same time, the glycosidic phosphate is additionally substituted with Etn. 165 Based on these data, it is understood that bacteria with a constitutive substitution at the 4′ phosphate like P. mirabilis, 166 Serratia and Chromobacterium violaceum are resistant to polymyxins. 167, 168 Since the lack of the 4′ phosphate as in Bacteroides fragilis also results in polymyxin resistance, 18 the negative charge at position 4′ of the lipid A moiety seems to be a prerequisite for the interaction with polymyxins. The proteins necessary for the modifications of the LPS to render cells polymyxin-resistant are still unknown; however, two gene loci could be identified that are required for the addition of L-Ara4N. 169 The gene pmrE is predicted to encode a UDP-glucose dehydrogenase, whereas the pmrF cluster contains 7 genes of so far unknown activity. 169 However, their putative roles in a pathway leading to L-Ara4N incorporation have been discussed. 170 Wild-type S. enterica cells will become resistant to polymyxins when incubated at low magnesium (Mg 2+ ) concentrations and mild acidic pH, conditions that are comparable to those in the phagosome of neutrophils during infection, where the cells are exposed to antimicrobial proteins. 171 Thus, in Salmonella the resistance to antimicrobial peptides is closely related to virulence and this process is strictly regulated. 172, 173 The PhoP/PhoQ twocomponent regulatory system controls several virulence properties in Salmonella by activating or repressing the transcription of a number of genes involved. [174] [175] [176] PhoQ is an integral membrane protein with a periplasmic domain, which acts as a Mg 2+ sensor, 177 whereas PhoP is a transcription factor acting as a response regulator (Fig. 11 ). PhoQ possesses an autokinase activity and the ability to transfer the phosphate to PhoP. Furthermore, it acts as a phosphatase by cleaving off the phosphate from phospho-PhoP. 178 Upon binding of extracellular Mg 2+ , the periplasmic domain of PhoQ changes its conformation and stimulates a phosphatase activity that promotes the dephosphorylation of phospho-PhoP leading to a shutdown of PhoP activated genes. 177, 179 Activation of PhoP-PhoQ results in specific modifications of the lipid A like the incorporation of L-Ara4N, replacement of myristate with 2-hydroxymyristate in the acyloxyacyl moiety at position 3′ and formation of hepta-acyl lipid A by the addition of palmitate. 180, 181 The genes involved in these modifications are under regulation of PhoP and their induction takes only minutes to occur after activation of PhoP. 182 It was shown that the PhoP-activated gene pagP is required for the addition of palmitate to lipid A promoting resistance to cationic antimicrobial peptides. 181 The authors suggest that the incorporation of an additional acyl moiety, decreasing the fluidity of the OM, is enough to prevent the insertion of the peptides. Another operon regulated by PhoP/PhoQ is the pmrAB locus, also a two-component system, where PmrB acts as the sensor and PmrA is the effector (Fig. 11 ). 175, 183 It has been proposed that PmrB exhibits phosphatase activity towards the PmrA protein, indicating that phospho-PmrA is the inactive form of the protein. 171 Deletion of pmrAB eliminates the addition of L-Ara4N, most likely because no transcription of PmrA-dependent genes, like pmrE or pmrF, takes place, 180 and makes cells more susceptible to killing by neutrophils. 171 In some pm r mutants, the PmrA protein is altered in one amino acid which renders the enzyme hyperactive, resulting in increased expression of its target genes. 175, 184 The interaction between the two systems PhoP/PhoQ and PmrA/PmrB is not completely understood; 175 however, in a recent study, the pmrD gene was identified as a PhoP-activated gene involved in the activation of PmrA-regulated genes. 185 PmrD is specific for PmrA-regulated genes and requires functional PmrA and PmrB proteins for its activity.
As mentioned above, low concentrations of Mg 2+ and mild acidic conditions promote resistance to cationic antimicrobial peptides and a number of studies have demonstrated the importance of Mg 2+ as a repressor of the PhoP/PhoQ regulatory system. 171, 175, 177, 178, 186, 187 It was proposed that LPS serves as a reservoir of Mg 2+ that can be used up under conditions of magnesium deprivation. To neutralize the negative charges of the LPS, the modification of phosphate groups becomes necessary and additionally renders cells resistant to cationic antimicrobial peptides. 171 Under conditions of low pH, the transcription of PmrAdependent genes is induced; however, this induction only requires a functional PmrA protein, but is independent of PhoQ and PhoP. 175 Eventually, PmrB acts as the pH sensor since its periplasmic domain contains several residues with a pK a in the pH range activating the PmrA-regulated genes. An interesting result was obtained when E. coli cells were grown in the presence of NH 4 VO 3 . 170, 188 These cells showed all the lipid A modifications reported for pm r bacteria and it is proposed that NH 4 VO 3 activates PmrA/PmrB without influencing PhoP/PhoQ. 170 This activation could be achieved by inhibiting a specific phosphatase required for repression of PmrA-regulated genes. Unfortunately, it was not possible to test the NH 4 VO 3treated cells for their resistance to polymyxins, since NH 4 VO 3 and polymyxin form a precipitate. 170 Taken together, the PhoP/PhoQ and PmrA/PmrB regulatory network represents a versatile cellular tool to guarantee adaptation of the outer membrane facing complex and changing environmental demands.
In non-enteric, invasive bacteria like Neisseria and Haemophilus, antigenic variation of the LPS structure is a common means to circumvent the host defences. One genetic mechanism to achieve this goal is by introduction of homopolymeric mononucleotide stretches or multiple tandem repeats into translated reading frames which are subject to slipped-strand mispairing. 189 In Haemophilus, nucleotide repeats of CAAT or GCAA have been found in at least three different genes coding for glycosyltransferases involved in LPS biosynthesis, [190] [191] [192] [193] whereas in Neisseria several genes containing homopolymeric tracts of G or C residues were identified. One of them is encoding PilC, an outer membrane protein necessary for the expression of pili on the gonococcal surface, harbouring a stretch of G residues in the region encoding the signal peptide. 194 In three other genes, lgtA, lgtC and lgtD, all encoding glycosyltransferases involved in LPS biosynthesis, tracts of G residues were also found, 195 whereas lgtG shows a run of C residues within its coding sequence. 196 With the exception of lgtD, it could be shown for all others that they are subject to slipped-strand mispairing. 40, [195] [196] [197] By introducing frame shift mutations during replication, these glycosyltransferase genes can be switched on and off with high frequency, thus leading to the expression of various immunotypes of LPS. In addition, transcriptional/translational frameshifting can occur, resulting in the expression of two different immunotypes on one cell. 198 A certain minimal number of nucleotides in one of the LPS biosynthesis: which steps do bacteria need to survive? 17 Fig. 11 . Interaction of PhoP/Q and PmrA/B regulons. The sensor protein PhoQ is activated by low Mg 2+ concentrations and activates the transcription factor PhoP which controls a number of genes such as pmrB. The PmrB protein is a sensor protein and a phosphatase. Dephosphorylation of PmrA restores its activity and leads to transcription of genes necessary for LPS modifications resulting in polymyxin resistance. polymeric stretches is necessary for slipped-strand mispairing to happen; if they are too short, no switching can be registered. 195, 196 Since the expression of different surface antigens can be very important for a pathogenic micro-organism during the course of infection, the methods of phase variation described above are sophisticated tools to ensure the survival of the bacterium.
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